Introduction {#Sec1}
============

The field of heterogeneous photocatalysis has been extensively studied in the last three decades, and this is illustrated by the vast numbers of scientific and technical publications on this topic. The semiconductor titanium dioxide (TiO~2~) is the most widely studied photocatalyst. The photosensitizing action of titanium dioxide was first observed in 1929, when as a pigment used in paint, it was found to be responsible for paint fading. This paint fading was because of the photodegradation of the polymer organic binder of the paint by the action of TiO~2~. However, work towards the development of photocatalytic theory, using titanium dioxide as a photocatalyst, gained momentum in the late 1960s \[[@CR11]\].

The huge interest generated by photocatalysis has motivated several researchers to look into the basic mode of action of TiO~2~, which is now fairly well understood. TiO~2~ is a semiconductor with a band gap close to 3.2 eV, and UV light with wavelengths shorter than ∼ 380 nm photoactivates TiO~2~ by providing the band gap energy needed by an electron to jump from the valence band to the conduction band. This implies that when photons of UV-A light are absorbed on TiO~2~, they generate excited pairs of electrons and holes. The photogenerated holes react with the water to produce hydroxyl radicals (^•^OH), while the photogenerated electrons react with molecular oxygen to give superoxide radical anions (^•^O~2~^−^). These radicals so produced are highly reactive and they work together to completely oxidize the organic species. The attack by the ^•^OH radical, in the presence of oxygen, thus initiates a complex cascade of oxidative reactions. The mechanism of the photocatalytic process has been extensively studied in the literature and several complex reaction pathways have been reported \[[@CR7], [@CR16], [@CR29], [@CR35]\]. Although the exact mechanism of the process and the reaction pathways are still not clear, the practical applications that these processes offer have fueled enormous commercial interest.

Photocatalytic oxidation as a technique for microbial disinfection was first demonstrated by Matsunaga et al. \[[@CR27]\]. They investigated the effectiveness of photocatalytic oxidation of several microorganisms such as *Lactobacillus acidophilus* (gram positive bacteria), *Saccharomyces cerevisiae* (yeast), *Escherichia coli* (gram negative bacteria) and *Chlorella vulgaris* (green algae) in water. Their results show killing of the microbial cells in 60--120 min using a TiO~2~--Pt photocatalyst. They determined that the mode of action of the process was the photooxidation of Coenzyme A (CoA) leading to inhibition of cell respiration and thus cell death. The process was not entirely effective against *Chlorella vulgaris* though, because of its thicker cell wall \[[@CR27]\]. This led to an extensive research in the field of photocatalytic oxidation for destruction of various microorganisms including bacteria, viruses, fungi, algae, and protozoa. Recent review articles \[[@CR4], [@CR10], [@CR12], [@CR28]\] provide a comprehensive coverage of the application of TiO~2~ photocatalysis to disinfection.

The pioneering work in the field of gas phase photocatalytic disinfection was done by Goswami et al. \[[@CR13]\] when he along with his group developed a technology to completely inactivate biological contaminants in indoor air. A recirculating duct facility was used, wherein the bacteria (*Serratia marcescens*) was shown to be completely inactivated. Subsequent research conducted by Goswami et al. \[[@CR14]\], with improved reactor designs, demonstrated 100 percent inactivation of *Serratia marcescens* bacteria in a much reduced time. Their group even reported inactivation of dust mite antigens by photocatalytic oxidation. *Der p II* was selected and its fast destruction demonstrated the ability of the photocatalytic technology to control allergies and diseases in the population \[[@CR3]\].

In 1999, Masaki and coworkers \[[@CR26]\] reported destruction of bacteria and foul odor in air using stainless steel plates coated with thin films of TiO~2~. Greist et al. \[[@CR15]\] demonstrated the capability of photocatalytic oxidation to destroy *Bacillus anthracis* (Anthrax) through the successful inactivation of *Bacillus subtilis* spore. Following the recent attack of SARS virus, Knight \[[@CR20]\] studied a system, based on photocatalytic disinfection, to control the spread of infectious microorganisms such as SARS virus on flights. In 2003, Kuhn et al. \[[@CR21]\] studied microbes relevant to hygiene including *Escherichia coli*, *Pseudomonas aeruginosa*, *Staphylococcus aureus*, *Enterococcus faecium*, and *Candida albicans*, and observed a 3--6-log reduction for these microorganisms (except for *Candida albicans*) in 60 min. Kim and his group \[[@CR19]\] investigated the application of TiO~2~ photocatalysis to disinfect selected food-borne bacteria such as *Salmonella choleraesuis* subsp., *Vibrio parahaemolyticus*, and *Listeria monocytogenes* and demonstrated almost complete inactivation of the bacterial species in about 3 h. Recently, photocatalytic disinfection has also been shown to be effective against microcystin toxins produced by various cyanobacteria (blue--green algae) such as *Microcystis*, *Anabaena*, *Oscillatoria*, and *Nostoc* \[[@CR22], [@CR33]\].

Although photocatalytic disinfection has been demonstrated to be effective against a wide range of microbes, the kinetics of the process for complete inactivation and mineralization of microbes is comparatively slower as compared to conventional disinfection techniques. Jacoby et al. \[[@CR17]\] studied photooxidation of *E. coli* in air, and found 54% mineralization in 75 h by measuring the carbon dioxide released. Also in their most recent studies, Wolfrum and Jacoby \[[@CR37]\] demonstrated complete mineralization of *E. coli*, *Micrococcus luteus*, *B. cereus* (bacterial cells and spores), and *Aspergillus niger* spores by photocatalytic oxidation based on kinetic data and carbon mass balance. However, the inactivation and subsequent mineralization process was extremely slow.

The intent of this study is to enhance the overall rate of disinfection of the photocatalytic process, and to make it commercially more attractive as a defense against bio-terrorism. An efficient way to improve the kinetics of photocatalysis is the addition of transition metals to TiO~2~ \[[@CR16]\]. Introduction of metal ions in the lattice of TiO~2~ has shown significant enhancement in the photcatalytic activity of TiO~2~ for the degradation of various organics. Iron (III)-doped TiO~2~ \[[@CR8], [@CR24]\], platinized TiO~2~ \[[@CR6], [@CR18]\], lanthanide metal ion doped TiO~2~ \[[@CR36]\], chromium-, manganese- and cobalt-doped TiO~2~ \[[@CR9]\], and silver (AG)-doped TiO~2~ \[[@CR1], [@CR23], [@CR25]\] have all been successfully demonstrated as photocatalysts leading to an increased rate of destruction of organics.

Although there is extensive literature on the use of Ag-doped TiO~2~ for photocatalytic degradation of organics, its application for photocatalytic disinfection in gas phase has not been studied much. It is widely recognized that Ag^+^ ions possess antimicrobial properties and the work done by Sokmen et al. \[[@CR34]\] demonstrated the enhancement in inactivation of *E. coli* in liquid phase using Ag-TiO~2~/UV system. The main aim of this study is to demonstrate the effectiveness of Ag-doped TiO~2~ photocatalyst for fast inactivation of highly resistant bacterial spores on surfaces in air.

*Bacillus cereus* bacterial spores were used and their percentage destruction determined as a function of time of exposure to the photocatalyst. Because of the high degree of resistance of bacterial spores to various disinfectants, and hence their slow kinetics of inactivation \[[@CR2], [@CR31]\], a logarithmic scale to plot inactivation was disregarded in favor of the less conventional method of plotting percentage destruction of spores. Destruction of *B. cereus* spores on both metal and fabric substrates with the Ag-doped TiO~2~ P25 (enhanced photocatalyst) was studied, and compared with conventional TiO~2~ photocatalysis and UV-A photolysis. The Ag^+^ ions from the dopant act as an electron trap in the photocatalysis process. This reduces the recombination between electrons and holes, and thus results in an increased availability of holes. The synergistic effect of the doped Ag^+^ ions, and highly oxidizing radicals generated by TiO~2~ photocatalysis process, may lead to a highly enhanced rate of microbial destruction.

Materials and methods {#Sec2}
=====================

Experimental facility {#Sec3}
---------------------

The disinfection study on metal and fabric substrates was done in a still air experimental facility as shown in Fig. [1](#Fig1){ref-type="fig"}. The experimental facility is a rectangular enclosure with dimensions of 1.12×0.74×0.51 m (44×29×20 in.). It consists of a bank of 43 EPR 3500 UV-A lamps (Southern New England Ultraviolet Company). Each lamp has a nominal power rating of 14 W, and emits approximately 1.5 W of UV-A radiation, predominately at 350 nm. [1](#Fn1){ref-type="fn"}. The enclosure consists of a vertically adjustable platform on which the substrate samples were placed. The stand was adjusted to a height so that the UV-A light intensity was 50 W/m^2^ on the surface of the samples. The UV-A light intensity was measured with an Eppley radiometer (model TUVR).Fig. 1Experimental photocatalysis test facility

Photocatalyst {#Sec4}
-------------

Titanium dioxide used in this study was Degussa P25. It had an approximate composition of 75% anatase and 25% rutile forms of TiO~2~, a BET surface area of 50 m^2^ /g, and a primary particle size of 20 nm (Degussa). The enhanced photocatalyst was prepared by doping TiO~2~ P25 with Ag by a proprietary process. A slurry of enhanced photocatalyst was coated onto the metal and fabric substrate. The metal substrate used in the study was sandblasted aluminum while the fabric substrate used was polyester. Each of the substrate samples used in the study was 50×50 mm (2×2 in.).

Culture media {#Sec5}
-------------

BBL^TM^ Columbia Broth was used as the culture media for *B. cereus* spores. For preparation of Columbia Broth, 35 g of the powder was dissolved in 1 l of sterilized water and mixed thoroughly. The suspension was warmed gently so that the solution was complete. The solution was then autoclaved at 121°C for 15 min without overheating.

Microorganism culture {#Sec6}
---------------------

*Bacillus cereus* (ATCC 2) bacterial spores were used as an index for disinfection study. For preparation of spores, *B. cereus* strains were cultivated in Columbia broth at 30°C for 12--18 h aerobically with vigorous agitation. Spores were then harvested and purified by lysozyme treatment and salt and detergent washes to remove the bacterial cells. Bacterial cells were collected by centrifugation at 10,000 *g* for 10 min at 4°C. The bacterial pellet was washed with 1/4 volume of 1 M KCl/0.5 M NaCl and incubated at 37°C for 60 min at 1/4 volume of Tris·Cl (50 mM, pH 7.2) containing lysozyme at 50 μg/mL. Finally, the spores were cleaned by alternate centrifugation (10,000 *g*, 10 min) and washing with: (1) NaCl (1 M); (2) deionized water; (3) SDS (0.05%); (4) TEP buffer (50 mM Tris·Cl buffer, pH 7.2. containing 10-mM EDTA and 2-mM phenylmethylsulfonyl fluoride); and (5) three washes with deionized water. After the lysozyme treatment, the spore suspension was heat shocked in a constant temperature bath at 80°C for 1 h to remove any bacterial cells left after the lysozyme treatment.

Experimental procedure {#Sec7}
----------------------

Destruction of *B. cereus* spores was studied for the following configurations: Enhanced photocatalysis (Ag/-TiO~2~/-UV-A) on metal and fabric substratesConventional photocatalysis (TiO~2~/-UV-A) on metal and fabric substratesPhotolysis (UV-A) on metal and fabric substratesDark control on metal and fabric substrates

The experiments involved determining the increased destruction of *B. cereus* spores, on aluminum and polyester fabric substrates, with enhanced photocatalyst as compared to conventional photocatalysis, and photolysis under 350-nm UV-A light in still air conditions. Since this technology is being developed to be commercialized, no effort was made to observe the effect of germicidal UV-C (254 nm) radiation on the destruction of *B. cereus* spores, as it was considered a potential danger to the end user.

The UV-A light intensity was kept constant at 50 W/m^2^. The temperature in the still air facility was determined to be 24°C at the start of the experiment which increased by 2°C over the entire duration of the experiment. Previous experiments done by Goswami et al. \[[@CR14]\] had shown that temperature is not a major factor in photocatalytic disinfection. Hence, no effort was made to determine the temperature directly on the surface of the substrate. Heat-shocked *B. cereus* spores with an initial concentration of 10^4^ --10^5^ cfu/mL were used. A study was performed to determine the appropriate concentration of *B. cereus* spores to be suspended and dried on the substrate. Several dilutions of the stock culture in sterilized water were deposited on the substrate to determine the initial concentration, which would give a detectable colony count on agar plates, after incubation. 0.1 mL of spore suspension with a concentration close to 5,000 cfu/mL proved to give reasonable colony counts. The spore concentration was diluted with sterilized water and vortexed for about 1 min to ensure uniform distribution of spores in the suspension, and no spore agglomeration.

### Enhanced photocatalysis {#Sec8}

The aluminum substrates were coated with three coatings of the enhanced photocatalyst slurry in deionized water with intermittent drying of each coat at room temperature. For fabric substrates, TiO~2~ in pure or doped form was incorporated into the fibers of the polyester fabric. Then 0.1 mL of spore suspension was uniformly spread on each of the coated substrates using a sterilized (alcohol and a flame) glass rod, being careful not to push the spore suspension off the side of the substrate. The spore suspension was allowed to dry on the substrates in the dark for 12 h.

### Conventional photocatalysis, photolysis and dark control {#Sec9}

Experiments were performed on the uncoated substrates (dark control and photolysis), and TiO~2~-coated substrates (conventional photocatalysis), in the dark and exposure to UV-A light.

Each experiment included a batch of three samples of given substrate. For every photolysis and photocatalysis experimental run, a parallel dark run with same exposure time was carried out.

Each of the aluminum substrates was placed in the bottom of separate sterile petri dishes and 20 mL of liquid plate count agar poured over each sample. The spores were transferred from the substrates into the agar by shaking the petri dishes for 20 s, and subsequently removing the substrates from the agar by lifting them with a sterile needle. The spores were collected from the fabric substrates by vortexing these substrates in about 3 mL of sterilized water and finally plating this water in plate count agar. The petri dishes were inverted on solidification of the agar and incubated at 37°C for 16 h. Finally, the colonies on each petri dish were counted to determine the percentage destruction of spores relative to initial concentration.

Each experiment was repeated at least three times and three samples were taken at each time interval. Colonies were counted for each of these nine samples, and these colony counts were used to calculate the percentage destruction relative to initial colony count at each time interval. $$\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox{Percentage destruction} = 100\frac{{(CC_i - CC_t)}}{{CC_i}}$$\end{document}$$ where *CC* ~*i*~ is the initial colony count and *CC* ~*t*~ is the colony count after a time interval ' *t*'. Average percentage destruction was then calculated and plotted as a function of time of exposure for each of the configurations.

Results and discussion {#Sec10}
======================

Metal substrate {#Sec11}
---------------

Table [1](#Tab1){ref-type="table"} shows the average colony counts at each time interval for various experimental configurations on the metal substrate. As is evident, 0.1 mL of a 5,000 cfu/mL suspension of *B. cereus* spores gave an average initial colony count of 284 on plate count agar after recovery from the substrate. This is taken as the colony count relative to which destruction is calculated at various time intervals for all experiments. Average percentage destruction and standard deviation in percentage destruction are also included in the table.Table 1Average colony counts and average percentage destruction of *Bacillus cereus* spores on metal substrate for various configurationsTime of exposure (h)Dark controlUV-A photolysisPhotocatalysisEnhanced photocatalysisAve. colony countAve. percentage dest.SD percentage dest.Ave. colony countAve. percentage dest.SD percentage dest.Ave. colony countAve. percentage dest.SD percentage dest.Ave. colony countAve. percentage dest.SD percentage dest.02840.000.002840.000.002840.000.002840.000.0042772.468.6022122.244.486776.413.42697.891.05162724.176.6419132.755.763886.628.43199.650.57242801.299.3012854.815.05398.943.130100.000.00

The spore destruction on metal with enhanced photocatalysis as compared to conventional photocatalysis, UV-A photolysis and under dark conditions is also demonstrated in Fig. [2](#Fig2){ref-type="fig"}. The error bars in the figure depict standard deviations. Percentage destruction of less than 2% with a standard deviation of about ±9% was observed even after 24 h in the dark. This indicated that *B. cereus* spores are not inactivated on a metal substrate.Fig. 2Comparison of enhanced photocatalytic (Ag-TiO~2~ P25/+UV-A), conventional photocatalytic (TiO~2~ P25/+UV-A), photolytic (UV-A) and dark destruction of *Bacillus cereus* spores on metal substrate (*Error bars* in the figure are standard deviations in average percentage destruction)

Complete spore destruction was not achieved even after 24 h of UV-A photolysis. The results showed 22% spore destruction in about 4 h and close to 55% destruction after 24 h of UV-A exposure. The percentage destruction data for UV-A photolysis had a standard deviation close to ±5%. Generally *Bacillus* endospores are highly resistant to UV radiation \[[@CR30]\]. Riesenman and Nicholson \[[@CR31]\] have shown that the *Bacillus* endospores possess a thick spore protein coating that provides resistance to sporicidal substances. They reported that UV-A wavelength becomes effective as a sporocide in case of mutation of spores that may lead to damage of this spore coat. Partially damaged spore protein coating may be a possible explanation of the destruction as observed with UV-A photolysis. The UV-A photolysis control test, however, was ineffective in complete destruction of *B. cereus* spores.

Conventional photocatalytic destruction of spores on metal was also studied wherein TiO~2~ P25 was used in conjunction with 350 nm UV-A (intensity kept constant at 50 W/m^2^) to inactivate *B. cereus*. Faster destruction was observed with almost 76% of the spores getting destroyed in the first 4 h and 99% in 24 h (standard deviation close to ±3%). A possible explanation for this reduced rate of destruction at longer time intervals could be that the spores being living entities may have varying resistance to attack by ^•^OH radicals. Thus, the less resistant spores were destroyed in the first few hours and the more resistant ones survived for longer durations. It could also be due to the increasing amounts of dead spores and by-products generated by the photocatalytic oxidation of spores that may lead to quenching of ^•^OH radicals and shielding of light \[[@CR32]\]. Another explanation could be the possibility of spore agglomeration on metal substrate leading to reduced exposure to ^•^OH radicals. The spore agglomeration could be avoided by adding a small quantity of surfactant to the spore suspension before dispersal on the samples. However, the use of a surfactant was avoided in this study as it may lead to germination of bacterial spores to vegetative bacterial cells, which are much easier to inactivate.

The experimental study with the enhanced photocatalyst (Ag-TiO~2~ P25/+UV-A) indicated extremely fast destruction of spores with close to 100% destruction evident at the first sampling time of 4-h irradiation. No spore colony count was observed at subsequent time intervals. The enhanced photocatalytic process thus leads to complete destruction of even hardy *B. cereus* spores in smaller exposure times. This marked improvement in destruction of *B. cereus* spores with enhanced photocatalysis could be attributed to the electron trapping by the doped Ag^+^ ions leading to reduced recombination and hence enhanced photocatalysis.

Fabric substrate {#Sec12}
----------------

The average colony counts at different time intervals for various experimental configurations on fabric substrates are depicted in Table [2](#Tab2){ref-type="table"}. The average initial colony count was determined to be 148 after recovery of the spores from the fabric substrate onto plate count agar. This recovery was from 0.1 mL of a 5,000 cfu/mL spore suspension dried on the fabric substrate. The average initial colony count as determined above was used to calculate percentage destruction at each subsequent time of exposure. Average percentage destruction and standard deviation in percentage destruction are also shown in Table [2](#Tab2){ref-type="table"}.Table 2Average colony counts and average percentage destruction of *B. cereus* spores on fabric substrate for various configurationsTime of exposure (h)Dark controlUV-A photolysisPhotocatalysisEnhanced photocatalysisAve. colony countAve. percentage dest.SD percentage dest.Ave. colony countAve. percentage dest.SD percentage dest.Ave. colony countAve. percentage dest.SD percentage dest.Ave. colony countAve. percentage dest.SD percentage dest.01480.000.001480.000.001480.000.001480.000.0041424.059.8511522.307.683079.734.050100.000.00161414.7312.269237.844.522185.8111.720100.000.00241620.006.516556.085.031093.243.860100.000.00

The spore destruction on fabric with enhanced photocatalysis as compared to conventional photocatalysis, photolysis and under dark conditions is illustrated in Fig. [3](#Fig3){ref-type="fig"}. The spore destruction in dark on the fabric substrate was insignificant. No appreciable destruction was observed as expected. The standard deviation of dark control destruction data was ±12% at the most. The photolytic destruction trend on fabric follows that on metal substrate close to 56% destruction with a ±5% standard deviation achieved in 24 h of UV-A exposure.Fig. 3Comparison of enhanced photocatalytic (Ag-TiO~2~ P25/+UV-A), conventional photocatalytic (TiO~2~ P25/+UV-A), photolytic (UV-A), and dark destruction of *B. cereus* spores on fabric substrate (*Error bars* in the figure are standard deviations in average percentage destruction)

Conventional photocatalytic (TiO~2~ P25/+UV-A) destruction of spores on fabric substrate is also depicted. As experienced with metal substrate, the destruction rate tends to level off after the first 4 h. Close to 80% destruction was observed in the first 4 h, which increased to 96% destruction in 24 h. The rate of destruction leveled off after the first 4 h. The possibility of spores hiding inside the fibers of the fabric and surviving may be a possible explanation of this destruction trend. Also as mentioned before, the quenching of ^•^OH radicals and shielding of light due to debris of dead spores may be a reason for this leveling off trend in TiO~2~ photocatalysis.

The increased photocatalytic destruction of *B. cereus* spores on a fabric substrate with the enhanced photocatalyst (Ag-TiO~2~ P25/+UV-A) as compared to the conventional TiO~2~ P25 photocatalysis and UV-A photolysis is clearly evident. The enhanced photocatalysis process destruction trend was similar to the destruction trend on metal substrate. 100% spore inactivation was achieved in 4 h of irradiation.

Conclusions {#Sec13}
===========

The enhanced photocatalysis process was presented and its effectiveness as an efficient technique for disinfection of surfaces was successfully demonstrated. Complete inactivation of *B. cereus* bacterial spores on metal and fabric substrates was reported. Control experiments involving conventional TiO~2~ photocatalytic, UV-A photolytic and dark destruction of spores showed that Ag-doped TiO~2~ photocatalysis results in much faster destruction kinetics as compared to these three control processes.

The spectrum of the black light used is a bell-shaped curve centered at 350 nm and extends from 300 to 400 nm
